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ABSTRACT 

This report  covers t he  analysis ,  design, 
and test effort  performed from 29 June 1964 t o  
29 March 1965 on a pure f l u i d  amplif ier ,  servo- 
valve and compensation network for use with t h e  
Model NV-B1 Pneumatic Actuator for t h rus t  vec tor  
control  of the  5-2 Rocket Engine, 

The amplif ier  was designed as a breadboard 
device t o  demonstrate t h e  f e a s i b i l i t y  of replacing 
the  e lec t ronic  components and the  spool valve of 
t h e  ac tua tor  by pure f l u i d  components of t h e  vortex 
design. 

The results o f t h e  program indicated t h a t  
such a concept is feasible  and gave reasonably 
good dynamic performance. 
program is described t o  optimize the  amplif ier  
system design and performance. 

A follow-on development 
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SECTION 1 

INTRODUCTION 

1.1 PROGRAM OBJECTIVE 

The objective of this program was to demonstrate the feasibility of 
replacing the electronic amplifier and compensation required for an electro- 
pneumatic gimbal actuator, with a fluid amplifier design employing the 
actuator gas as the working fluid. The amplifier output will supply the 
power directly to the actuator motor, thereby eliminating the need for a 
spool-type servovalve. 

Since an electropneumatic gimbal actuator for the J-2 engine had been 
developed under the first phase of this contract (NAS8-5407, reference 
Bendix Report No. BPAD-864-15479), the compensation requirements for this 
actuator to meet MSFC Specification 50M35003 were used as the basis for 
the design and evaluation of the fluid amplifier system. 

The design approach taken in this program is outlined in Section 2. 
The component analysis and test results are described in Section 3, and 
the complete amplifier system test results are given in Section 4. The 
conclusions and recommendations for future work are discussed in Section 
5. 
as appendices . The two topical reports issued during the program period are included 
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SECTION 2 

DESIGN APPROACH 

2.1 SYSTEM CONCEPT 

2.1.1 Analog Computer Simulation 

An analog computer program was i n i t i a t e d  t o  evaluate  var ious 
methods of compensating t h e  5-2 electropneumatic ac tua tor  t o  provide t h e  
overa l l  performance a s  spec i f ied  in MSFC Speci f ica t ion  5OM35003. 

A de ta i l ed  report  o f t h i s  phase of  t h e  program was submitted 

S ix  compensation techniques were considered and optimized, 
i n  Bendix Report No. BPAD-864-15472R and is included i n  t h i s  r epor t  as 
Appendix A. 
Consideration was made of each of t h e  compensation techniques i n  terns 
of  optimum overa l l  performance and ease of  adapting t o  f lu id  techniques. 
From these  considerations,  it was decided t o  employ system number four. 
This system cons i s t s  of a s t r a igh t  gain amplifier with pos i t i ve  load 
feedback and negative rate feedback, as well as pos i t i on  feedback. 

The static resolut ion is obtained f r o m  t he  gain of t h e  
amplifier and t h e  pos i t i ve  load feedback. 
a t tenuat ing  t h e  forward gain as a funct ion of  frequency (by providing 
a l a g  i n  the  load feedback), and motor speed (by means of the negative 
rate feedback) . 

S t a b i l i t y  is  obtained by 

A block diagram o f  t h e  computer configurat ion is shown i n  
Figure 2-1. 
s m e d  upstream of t h e  torque motor and t h e  load and rate feedbacks 
were summed at t h e  torque motor flapper. 

For ease of  computer simulation, t h e  pos i t ion  feedback was 

2.1.2 Fluid Amplifier Concepts 

I n i t i a l  design s tudies  were made t o  compare t h e  estimated 
performance of an amplifier and servovalve using both je t -on-jet  devices 
and vortex devices. The use of jet-on-jet  devices f o r  t h e  servovalve 
presents  t h r e e  bas ic  problems; a method of handling r e t u r n  flow, poor 
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maximum pressure recovery and high quiescent flow. 
minimum acceptable pressure recovery would requi re  t h e  power nozzle t o  
operate  i n  t h e  supersonic region. 
l i t e r a t u r e  survey has indicated t h a t  t h e  performance of a supersonic 
proportional amplifier is, a t  least  a t  t h e  present state of  t h e  ar t ,  both 
poor and unrel iable .  

In order  t o  obtain a 

Experience both at Bendix and from a 

It was therefore  decided t o  employ four  vortex valves i n  a 
bridge c i r c u i t .  
Section 2.2. 

A de ta i l ed  discussion of t h e  servovalve is given i n  

After i n i t i a l  evaluation of the  servovalve was performed, 
consideration was given t o  employing je t -on- je t  devices f o r  t h e  ampl i f ie r  
c i r c u i t .  
provided the  required pressure levels  and gains with a minimum power loss .  
The s i z ing  of t h e  vortex devices indicated a smaller volume and, therefore ,  
better frequency response potent ia l  than t h e  equivalent je t -on-jet  devices. 

It was found t h a t  vortex ampl i f ie rs  operating i n  push-pull 

2.2 SYSTEM DESIGN 

2.2.1 Configuration 

The complete f l u i d  amplifier system is  shown schematically i n  
The system cons i s t s  of a four-way bridge vortex servovalve Figure 2-2. 

powered by a three-stage vortex push-pull amplifier.  
adjustment i s  provided at the  second and t h i r d  stages.  The input t o  t he  
first s tage  is a pressure d i f f e r e n t i a l  generated by t h e  combined effects 
of the  input torque motor flapper pos i t ion ,  the  pos i t ion  feedback bleed 
areas, the  r a t e  sensor output and t h e  load feedback. 

Amplifier gain 

The rate sensor consis ts  of  a r o t a t i n g  input vortex valve 
which cont ro ls  two vortex valves i n  push-pull, t o  generate a d i f f e r e n t i a l  
pressure output. 
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Since t h e  control  pressure t o  each s tage  of  amplif icat ion 
must be higher than the  corresponding s tage  supply pressure,  t h e  supply 
pressures  are obtained by o r i f i ce s  from t h e  source pressure. 
optimization of each stage minimizes t h e  s tage  pressure drop and provides 
t he  maximum pressure d i f f e r e n t i a l  a t  t h e  load. 

Design 

2.2.2 Vortex Amplifiers 

Before proceeding w i t h  a de ta i led  descr ip t ion  of t h e  amplifier 
system, it i s  necessary t o  describe t h e  bas ic  c h a r a c t e r i s t i c s  of  t he  vortex 
devices. The vortex amplif ier ,  shown schematically i n  Figure 2-3, cons i s t s  
of  a hollow cy l ind r i ca l  chamber. The supply flow is  provided through a 
r a d i a l  s l o t  t o  the periphery of  t h e  chamber. 
through a s l o t  t angent ia l  t o  the periphery. 
of a hole  i n  one (or both) chamber ends at  t h e  chamber axis of symmetry. 
The dimensioning of the chamber i s  such t h a t  t he  exit  hole provides t h e  
majori ty  of  t he  valve impedance. 
chamber i s  a t  e s s e n t i a l l y  supply pressure and the  flow rate is determined 
by t h e  exi t  hole area and the  supply t o  exhaust pressure r a t i o .  If a cont ro l  
flow is introduced at  t h e  tangent ia l  s l o t ,  t h e  r e s u l t a n t  momentum interchange 
w i l l  cause the  t o t a l  flow t o  ro t a t e  i n  a s p i r a l  t o  t h e  ex i t .  In  order  t o  
conserve angular momentum, t h e  tangent ia l  ve loc i ty  of the  flow must increase 
as the radius  of ro t a t ion  reduces. 
t he  cent r i fuga l  pressure generated w i l l  equal the  supply pressure,  reducing 
t h e  supply flow t o  zero. 
flow. 
t h e  i n i t i a l  supply flow, a flow amplification r e su l t s .  
being a flow t h r o t t l i n g  device, has a performance comparable t o  the  conven- 
t i o n a l  e lec t ron  t r i o d e  tube. 
Figure 2-4. Addition and subtract ion of cont ro l  s igna l s  can be obtained by 
adding a number of cont ro l  p o r t s  around the periphery of the  chamber. 

The control  flow i s  provided 
The t o t a l  flow e x i t s  by means 

In the absence of  cont ro l  flow, t h e  

If su f f i c i en t  cont ro l  momentum is in jec ted ,  

The output flow is then equal t o  t h e  in jec ted  cont ro l  
Since the  cont ro l  flow required t o  obtain t h i s  condition is less than 

The vortex amplif ier ,  

This s i m i l a r i t y  is  shown symbolically i n  

Flow can be removed from the  chamber at e i t h e r  wall. If t h e  
concentr ic  e x i t  holes have equal diameters, t h e  t o t a l  flow through t h e  
valve i s  double that of  a s i n g l e  ex i t .  
o ther ,  a flow t r a n s f e r  occurs which can be used t o  improve the  valve gain. 
Figure 2-5 shows t h e  deadended pressure (Po) measured a t  one e x i t  po r t  (do) 

If one hole is smaller than the  
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when t h e  t o t a l  flow is  venting through the  opposing ex i t  hole (de) t o  a 
vent pressure Pe, at  t h e  f u l l  turndown condition, 
if is less than 0.8 de, then Po is  less than t h e  downstream pressure 
Pe. 
supply pressure.  This "PO tap" can then be used t o  provide an output 
pressure which va r i e s  between supply pressure and a pressure less than 
t h e  vent pressure.  This wide a pressure range is not  possible  with a 
conventional je t -on-jet  device. Figure 2-6 ind ica tes  how t h e  *'Po tap" 
can be used i n  conjunction wi th  t h e  e x i t  hole t o  obtain various valve 
cha rac t e r i s t i c s .  

I t  can be seen that 

When no control  flow is  present, Po is e s s e n t i a l l y  equal t o  t h e  

Since the  generation of  t he  vortex swirl is  dependent on 
t h e  control  t o  supply momentum interchange, high flow amplif icat ion can 
be obtained by using a smaller area control  port. The high flow ampli- 
f i c a t i o n  is obtained a t  the  expense of a high cont ro l  pressure requirement. 
When s taging vortex amplifiers, a high cont ro l  pressure requirement r e s u l t s  
i n  l a rge r  s tage  losses  and a lower ava i lab le  load pressure d i f f e r e n t i a l .  
A t radeoff  must therefore  be made between s tage  amplif icat ion and pressure 
loss. Various vortex chamber configurations were b u i l t  and t e s t e d  t o  
evaluate  the  effects of t he  c r i t i c a l  geometric dimensions on t h e  performance 
o f  t h e  valve. 
flow turndown f o r  minimum control  t o  supply pressure d i f f e r e n t i a l ,  t h e  
following parametric ratios were evolved: 

Using t h e  c r i t e r i a  of maxim pressure recovery and maximum 

a. Control por t  area t o  ou t le t  area r a t i o  - 0.5 

b. I n l e t  por t  area t o  out le t  area r a t i o  - 3 (minimum 

c. Chamber diameter t o  out le t  diameter r a t i o  - 8 t o  12 

d. Chamber thickness  t o  out le t  diameter ratio - 1 (minimum) 

The o u t l e t  area is determined by t h e  maximum flow and pressure 
drop requirements. Once t h i s  area is determined, t h e  remaining valve 
dimensions can be obtained f r o m  t h e  above l i s t e d  r a t i o s .  In order  t o  
minimize the  chamber volume, t h e  chamber diameter t o  outlet diameter r a t i o  
used was 7.5. 
performance degradation. 

This provided the  minimum chamber s ize  without appreciable 
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A digital computer program was evolved to provide both steady 
state and transient data on the performance characteristics of a vortex 
chamber of given dimensions. 
close correlation with experimental results is given in Bendix Report No. 
BPAD-15530R and is included in Appendix B of this report. 
provides a powerful tool in the design and optimization of vortex amplifiers. 

The details of this program and the extremely 

This program 

2.2.3 Servovalve Design 

As mentioned previously, consideration was given to the use of 
a jet-on-jet device for the servovalve. 
unfeasible for the application because of flow and pressure level requirements. 

This device was discarded as being 

A bridge circuit consisting of four throttling vortex valves was 
then analyzed. 
Valves F1 and B2 operate together in push-pull with valves F2 and B1 to 
provide the reversible load differential. 
throttling action required to minimize the quiescent flow. 
indicates the use of vortex amplifiers to provide the bridge elements. 
main problem that arises from the use of the circuit as shown in Figure 
2-7(b) becomes apparent when the control pressure level requirements are 
considered. 
will vary between the supply pressure (PsF) and some percentage above PsF. 
The control pressure to the vent valves must vary from above the maximum 
load pressure to the vent pressure (or equal to the minimum load pressure). 
Since the load pressure will approach PsF under a blocked load condition, 
the range of control pressure required by valves B1 and B2 is much greater 
than that required for valves F1 and F2. 
in the control lines as indicated in Figure 2-7(b) would not provide ade- 
quate range of control pressure. 
matching the control pressure requirements to the four valves. 
be recalled from the vortex valve discussion in Section 2.2.2 that the 
"PO tap" pressure will vary between supply pressure and vent pressure 
over the range of control pressure if do is 80% of the exit hole diameter 
de. This pressure range is then adequate to control the vent valves. 

The bridge circuit is shown schematically in Figure 2-7(a). 

This type of circuit provides the 
Figure 2-7(b) 

The 

The control pressure required at the supply valves (F1 and F2) 

Obviously, an orifice arrangement 

Figure 2-7(c) indicates one method of 
It will 
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The complete bridge can then be control led by connecting 
the  Po t a p  of valves F 1  and F2 t o  the  control  po r t s  of  t h e  corresponding 
B 1  and B2 valves. 
shown i n  Figure 2-7(d). 
function o f  valves F 1  and F2 a re  separated from the  B 1  and R 2  valve 
control  by using an addi t ional  p a i r  of vortex valves (PI and Pa) t o  
provide t h e  required control  flows. This allows a minimum s i z e  vortex 
valve based on the  load flow requirements. 
ment i n  frequency response and the  design f l e x i b i l i t y  of configuration 
(d) warranted its use desp i te  the  increase i n  vent flow which r e s u l t s .  
Test r e s u l t s  obtained with t h i s  design have proven t o  be superior  t o  
the  results ant ic ipated f o r  c i r c u i t  (c). 

A more f l e x i b l e  arrangement of t h i s  configuration i s  
In t h i s  arrangement, t he  power flow control  

I t  was f e l t  t h a t  t he  improve- 

2.2.4 Amplifier Design 

The purpose of t he  amplif ier  is  t o  provide s u f f i c i e n t  flow 
and pressure to  d r ive  the  servovalve, using as input the  pressure 
d i f f e r e n t i a l  generated by the  torque motor f lapper .  From the  analog 
computer s tudies ,  t h e  overa l l  system gain was determined as shown i n  
Figure 2-1. 
ment determined a torque motor gain of 0.38 psi/ma. 
amplif ier  and servovalve combination must then have a forward gain of 
1860 ps i /p s i .  Once the  forward gain is known, the  feedback gains can 
be determined, 
actuator  system with t h e  t r ans fe r  function c h a r a c t e r i s t i c s  required f o r  
t he  f l u i d  amplifier components. 
computer simulation diagram of Figure 2-1. 

An analys is  of the  torque motor and bleed o r i f i c e  arrange- 
The pure f l u i d  

Figure 2-8 shows the  block diagram of t h e  complete 

This diagram i s  derived from the  

The amplif ier  schematic i s  shown i n  Figure 2-9. 
cons is t s  of  three s tages  of vortex valves i n  push-pull. 
operation allows compatibil i ty with the  pressure d i f f e ren t i a l  output of 
t he  torque motor and the  control  requirements of  t h e  servovalve. 
i n  a push-pull mode a l so  reduces t h e  s e n s i t i v i t y  of the  amplif ier  t o  
noise and source pressure var ia t ions.  
s tages  a r e  determined by f ixed o r i f i c e s  i n  p a r a l l e l  from the  source pressure.  

The amplif ier  
The push-pull 

Operating 

The supply pressures  t o  the  various 
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The flows i n t o  the  control po r t s  of  t h e  f i rs t  stage are 
provided by o r i f i c e s  f r o m  t h e  source pressure.  
these orifices provides both t h e  control flows and t h e  bleed flows from 
t he  command and feedback uni t s .  
amplif ier  is therefore dependent upon the  sum of t h e  equivalent bleed 
areas.  
pos i t i on  (comanand s igna l ) ,  the  output pos i t i on  bleed (posi t ion feedback) , 
t h e  rate sensor impedance (rate feedback), and t h e  load pressure l eve l  
(load feedback) . 

The t o t a l  flow through 

The flow avai lab le  f o r  cont ro l  of the  

These bleed areas are determined by the  torque motor f lapper  

The output of each vortex stage cons i s t s  of t h e  e x i t  hole  
and the '*Po tap". 
PO t a p  i n  the second and t h i r d  s t ages  t o  vary the maxilaurn flow output 
and therefore  the  gain of the  stage. 
t o  obtain symmetrical performance of  the amplifier. 

A var iab le  r e s t r i c t o r  is  placed downstream of the  

This adjustment can a l s o  be used 

2.2.5 Rate Sensor Design 

The rate sensor is shown schematically i n  Figure 2-10. The 
sensor cons i s t s  of a speed t o  pressure transducer with a s i n g l e  s tage  
push-pull output amplifier.  
t he  supply flow is  obtained f r o m  rad ia l  holes i n  a cy l ind r i ca l  button. 
The button forms one end of  t h e  vortex chamber. A bias flow is introduced 
i n t o  t h e  chamber through a tangent ia l  cont ro l  s l o t .  
ro ta ted ,  t h e  incoming supply flow is given a s w i r l  component which i s  
proportional t o  t h e  speed of  rotat ion.  The ro t a t ing  supply flow w i l l  
e i t h e r  add t o  o r  tend t o  cancel the bias swirl, depending on the  d i r e c t i o n  
of ro t a t ion  of t h e  button r e l a t i v e  t o  t h e  cont ro l  s l o t .  
of t h e  vortex valve is  dependent on the  magnitude of t he  generated swirl, 
t h e  flow through t h e  valve w i l l  be proport ional  t o  the  speed and d i r ec t ion  
of ro ta t ion .  

The transducer is  a vortex chamber i n  which 

When the button is 

Since the  impedance 

In order  t o  match t h e  output of t he  speed t ransducer  t o  t h e  
push-pull input of t h e  amplif ier ,  a s i n g l e  s tage  of  amplif icat ion is 
incorporated i n  the  rate sensor. This s tage  cons i s t s  of  two vortex valves 
with a common control  input.  One valve i s  biased t o  t h e  f u l l  turndown 
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condition. With no control  flow, t h e  output flow of  t h e  unbiased valve 
w i l l  be maxi- while t h e  biased valve w i l l  have a minimum output flow. 
Increasing t h e  cont ro l  f l o w  will cause one output t o  decrease and t h e  
second output t o  increase.  If load o r i f i c e s  are placed downstream of 
the  vortex o u t l e t s ,  t he  load pressure d i f f e r e n t i a l  w i l l  vary as a 
function of  the speed and d i rec t ion  of ro t a t ion  of t h e  rate sensor. This 
pressure d i f f e r e n t i a l  is applied t o  t h e  input stage of t h e  amplifier.  

The flange and square end shaft of t h e  sensor are designed 
f o r  incorporation with t h e  present actuator.  
shows t h e  sensor i n s t a l l a t i o n  on the  actuator .  
driven by t h e  i d l e r  gear of the  transmission, a 4 . 5 : l  speed reduction 
from the  vane motor r e su l t s .  

Bendix drawing NPX-102-440 
Since t h e  sensor is  
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SECTION 3 

COMPONENT ANALYSIS AND TEST RESULTS 

3 . 1 SERVOVALVE 

The development program followed f o r  t he  servovalve was divided 
i n t o  t h e  following tasks. 

A. Select  c i r c u i t r y  based on p r i o r  experience and some exploratory 
tests. 

B. Establish basic  dimensions of valve i n l e t  and exhaust areas  and 
analyze theo re t i ca l  performance. 

c b  Build breadboard hardware and compare ac tua l  test r e s u l t s  with 
theo re t i ca l  steady s t a t e  analysis .  

D. Define control  s ignal  input requirements which w i l l  determine 
amplif ier  output s tage  design. 

The se lec t ion  of t he  servovalve concept is discussed i n  Section 
The o u t l e t  areas of t h e  valves 2.2.3 and is shown i n  F igure  2-7(d). 

F1, F2, B l ,  and B2 a r e  based on t h e  flow areas  used i n  t h e  servovalve 
of t h e  5-2 actuator .  The exhaust valve o u t l e t  areas ( B 1  and B2) were 
increased t o  accept t h e  turndown flow of valves F1 and F2 without 
increasing the  load back pressure. 

The servovalve was s i zed  as follows: 

Valve F 
Chamber Depth 0.200 
Supply Port Width 0.350 

Chamber Diameter 1.0 
Outlet  Diameter 0.136 
Po Tap Diameter 0.125 

Control Port Width 0 b 020 

Valve B 
0.200 
0.350 
0.060 

0.136 
0,136 

1 b o  
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Figure 3-1 shows t h e  r e l a t ionsh ip  between the  supply flow (IVSF) 
and control  flow ( W C F )  of valve F versus t h e  control  pressure (PcF), 
The load pressure (PM1) was 230 ps ia  and t h e  supply pressure (PsF) was 
held constant a t  585 p s i a ,  
constant,  the e x i t  flow from valve F w i l l  follow t h e  sharp edged o r i f i c e  
charac te r i s t ic .  The r e l a t ionsh ip  of W E F  versus PE.~/PsF f o r  various turn-  
down rat ios  R o f  valve F can then be p lo t t ed  as shown i n  Figure 3-2 ,  
The out l e t  flow 

For a given r a t i o  of PCF/PSF, holding PSF 

where , WL = load flow - lbs. /sec.  

- WSB - supply flow i n t o  valve B - lbs , /sec.  

The load flow W L  can be divided i n t o  leakage flow from t h e  pneumatic 
motor of t h e  ac tua tor  and t h e  flow through t h e  motor t o  the  o the r  s ide  of  
t h e  servovalve , 

Therefore; W L  = WLE + WLT 

where , wLE = leakage flow - lbs , /sec.  

WLT = load flow through motor - lbs , /sec.  

From t e s t s  on the  ac tua tor  vane motor, t he  leakage Elow is ,0275 
lb , / sec ,  of nitrogen a t  60 ps i  supply f o r  t h e  S/N 2 motor and ,OS lb , / sec .  
a t  100 p s i  supply pressure f o r  t he  S/N 1 motor, For development tests 
conducted on the  vortex servovalve, t h i s  load leakage has been simulated 
by two o r i f i ce s  vented t o  ambient pressure as shown schematically i n  
Figure 3-3 ,  
t o  simulate the motor leakage. 
from t h e  t o t a l  output flow of valve F t o  determine t h e  flow ava i lab le  t o  
t h e  load and valve B, 
i s  shown i n  Figure 3-4, 

A diameter of 0,120 inch on each s ide  of t h e  load i s  required 
The leakage flow can then be subtracted 

This flow (WLT and WSB) versus  load pressure r a t i o  

Test results on vortex valve B are shown i n  Figures 3-5 and 3-6. 
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Figure 3-5 is a plot of the ratio of control pressure (PcB) to supply 
pressure (which in this case is equal to pM) against the load pressure 4y 
for complete turndown of valve B (WSB = 0). 

Figure 3-6 relates the amount of flow (WSB) to the control pressure 
fo r  various values of load pressure. 

Figure 3-6 indicates a linear relationship over the range of interest, 
between the supply flow and the control pressure, when the ratio of P c B / ~  
is held constant. 
increase in control pressure PCB when the supply pressure is held constant. 

Also, the supply flow will decrease linearly with an 

The relationships presented in Figures 3-5 and 3-6 can be cross- 
plotted with Figure 3-4 to obtain the graph shown in Figure 3-7. 
graph shows the distribution of flow from valve F for any pressure, pM, 
and any control pressure ratio of valves F and B. 

This 

From Figure 3-7 it is possible to determine the magnitude of load 
flow available for a given load pressure. For example, point A on the 
graph indicates that the value of ~ / P s F  will be approximately .73 for 
control pressure ratios of rF = rg = 1.06 and zero load flow. 

The range of operation of the combination of the two valves will be 
confined to the crosshatched area of the curve. 

For practical reasons, the values of rF and r g  Will vary frOm 1 to 
approximately 1.10. 
minimum value for pM for no load flow will be .2 PSF (point B on graph). 

It can be determined from Figure 3-7 that the 

The sizing of vortex valve P (the control for valve B) was determined 
experimentally. It was found that the maximum range of load pressure 
occurred when the area of the Potap of valve P was 80% to 90% of the 
control port area of valve B. 
mum relationship between the PO tap area and the exit or vent area. 
test results are shown in Figure 3-8. 

Tests were then run to determine the opti- 

Although reducing the vent hole of 
These 
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valve P from ,125 inch diameter to .080 inch increased the minimum load 
pressure, the range was not affected. It was decided, therefore, to use 
the smaller vent area in order to reduce the magnitude of the vented flow. 
If the vent area is reduced to zero, an unstable interaction occurs. The 
final dimensions of valve P are then as follows: 

Chamber Depth 0.100 inch 
Supply Port Width 0.250 inch 
Exhaust Port Diameter 0.080 inch 
Po Tap Diameter 0,110 inch 
Control Port Width 0.020 inch 
Chamber Diameter 1,000 inch 

Figure 3-9 shows the performance of the complete servovalve. The 
output motor pressure is plotted versus the ratio PCF/PSF. 

With this type of servovalve, the quiescent pressure point, where 
both load pressures are equal, can be adjusted to suit the requirements 
of the load. 
servovalve. 
the relative levels of the control pressures as shown in Figure 3-9. 

This is an added advantage of this type of four-way bridge 
Adjustment of the quiescent pressure point is made by changing 

The selection of the servovalve supply pressure was arbitrary. 
analysis of the complete servovalve and amplifier indicated a potential 
supply pressure at the valve of 630 psia. 
this value is feasible. 
was used. 

Initial 

Subsequent testing has shown that 
For initial evaluation, the lower supply pressure 

Figure 3-9 shows that the maximum load pressure obtained is 79% of 
the valve supply pressure, with leakage flow simulated. 
level compares.favorably with the performance obtained from a spool valve. 
The pressure gain of the servovalve ( pM/ Pc) is 3.5. Figure 3-10 is a 
photograph showing a partial assembly of one half the servovalve. 

This pressure 
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3.2 AMPLIFIER 

Figure 3-11 is a schematic of part of the J-2 amplifier showing a 
three-stage amplifier using series connected double exhaust vortex valves. 

The complete circuitry of the amplifier is shown in Figure 3-12. 
The output of the torque motor pilot stage is fed into the first stage 
of the amplifier in push-pull fashion. 
parallel from a common manifold. 

The valves are supplied in 

Figure 3-13 shows the design of the gain adjustment bleeds. The 

This gain adjustment wakes it possible to 
gain of two of the stages can be lowered by reducing the effective outlet 
area of the vortex valves. 
reduce unbalances caused by manufacturing tolerances. 

The matching of the last stage of the amplifier with the servovalve 
was approached as follows. From Figure 3-8, for a fully closed servovalve 
(PM minimum), Pc/PSF = l.lS,and PC/PSF = .97 (minimum) for an open servo- 
valve (PM maximum), 

The following design points were used: 

PSF = 530 psia 
Psp = 540 psia 

Assuming the supply pressure to the amplifier output stage (L) is 
PSL = 630 psia and a 3 to 1 flow turndown on valve L, we can plot 
PEL/PEL maximum = PEL/PSL versus WEL/WEL maximum as shown in Figure 3-14. 
Impedance matching with the control ports of valves P and F of the servo- 
valve can be calculated. 

Assume that for maximum turndown on valves P and F a ratio of 
PCF/PSF = Pcp/Psp = 1.10 is required. 

I 
I 
I 
I 

3-1 5 



I PSA 

- _  F i r c t  Stage 

I psM 
I 

/ ,,) Second Stage 

. .  

I \ r l  I Third Stage 

Gain 
Adjustment 

FIGURE 3-11 ONE SIDE OF AMPLIFIER SCHEMATIC 

3-16 



Second Stage 
Valve )I 

Third Stage 
Valve L Y 

t 

FIGURE 3-12 PUSH-PULL AMPLIFIER SCHpiATIC 

3-1 7 



Output Channels 
From First Stage 

Gain 
Adjustment 

Cont ro 1 
Second 

Output Channels 1 t 
Second Stage To Control Port 

Third Stape 

FIGURE 3-13 GAIN ADJUSTMENT OF AMPLIFIER STAGES 

3-18 



i 

1 

M 
M 

0 

4 
e 

U 
w 

3-19 



Assume: PCF = pCP PC 

and PSF = Psp = Ps = 530 psia 

pS 530 
PSL 630 .841 = - =  

At the point where PSF = Pcp, no control flow is coming into valves P and 
F thus, 

Wc = WEL = 0 

or = 0 (point A on Figure 3-14) 
WELmax. 

For full turndown: 8 = 1.10 

= 1.10 x ,841 = ,925 or 
PSL 

At PEL E = ,925 

we find = ,55 (point B on Figure 3-14) 
WELmax , 

Points A and B are part of the line representing flow through the 
control ports of valves P and F, This line can now be completed usinR 
the subsonic flow equation, 
L to control port area of valves P and F, the equation of flow through 
the combined control port orifices is used, 

To establish the ratio of exit area of valve 
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Where: Pc P 530 x 1.10 psia 

PSL - 630 psia 

fl($) = f l  (s) = .59 

Since for sonic flow conditions, 

w k ,  = K AEL 

W k ,  = K A C  

Where : AEL = area of exit of valve L 

Ac = sum of areas of control ports of valves P and F 

Then, AEL = .99 4 & 

& = LF CF + Tp Cp = ,006 ina2 = AEL 

Figure 3-15 indicates the output load pressure versus input pressure 
ratio PCL/PSL of the last stage of the amplifier. 
in Figure 3-16. 

The test setup is shown 
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Curve A shows the  t e s t  r e s u l t s  of t h e  combination of  t h e  servovalve 
and a valve L of t he  following dimensions: 

dL = Exit Diameter ,080 inch 
DL = Chamber Diameter 1 ,000 inch 
LL = Chamber Thickness ,100 inch 
CL = Control Port  Width ,040 inch 

Curve B shows t e s t  results when 

dL = ,125 inch 

and, CL = ,060 inch 

Curve C shows t h e  r e s u l t s  obtained when 

dL = 0.100 inch 

and, CL - 0.040 inch 

The configuration of  curve C gives the  l a rges t  range i n  load 
pressure d i f f e r e n t i a l  although a lower s tage  gain r e s u l t s ,  

Figure 3-17 ind ica tes  t he  d i f fe rence  i n  performance of  t he  two 
s ides  of t h e  push-pull c i rcu i t ,  

A similar  ana ly t i ca l  procedure t o  t h a t  described above can be used 
t o  s i z e  t h e  remaining s tages  of t h e  amplif ier ,  
s tages  are summarized as follows: 

The sizes of t he  ampl i f ie r  
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Valve A Valve M 
(1st Stage) (2nd Stage) 

Exit Port Diameter 0 , 048 0.065 
Po Tap Diameter 0,032 0 , 048 

Control Port Width 0.030 0,030 
Supply Port Width 0,140 0,180 
Chamber Depth 0.048 0.080 

Chamber Diameter 0,400 0,510 

Valve L 
(3rd Stage) 

0,088 
0.065 , 

0.710 
0.040 
0,250 
0,100 

All three amplifier stages are double exhaust type (Po tap plus exit) 

The complete amplifier and servovalve is shown schematically in Figure 
The pressure level requirements of the various supply and control 

with gain adjustment in the PO tap line of the second and third stages, 

3-18, 
ports are indicated, 
A gain of 1380 psi/psi was obtained for the amplifier-servovalve combination, 
Operation of the amplifier is stable and relatively noise-free. 
pressure level at the input is 670 psig giving a pressure drop across the 
complete amplifier of only 140 psi or 21%. 
low for the amplification obtained. 

The calibration of the system is shown in Figure 3-19, 

The control 

The pressure drop is extremely 

Figure 3-20 is a similar calibration of the amplifier-servovalve 
combination at one half the source pressure (i,e., 400 psig). 
the gain is slightly reduced (1200 psi/psi), the amplifier performance is 
not materially affected by the source pressure level, 

Although 

The output flow versus load pressure characteristic is shown in Figure 
Maximum flow recovery is ,124 lb./sec. or 40% of the total supply 3-21. 

flow of .308 lb,/sec. 
drop measurement, is ,00035 lb./sec, 

The control flow, calculated from orifice pressure 
The flow gain is then 354. 
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3.3 INPUT TOROUE MOTOR STAGE 

In order t o  provide a method o f  operat ing t h e  amplifier and servovalve, 
The torque motor it was decided t o  use a present ly  avai lable  torque motor. 

for  t he  5-2 gimbal ac tua tor  was therefore adapted t o  d r ive  the  amplif ier .  
There are two poss ib le  means of connecting t h e  torque motor t o  t h e  input  
s tage  of  t h e  amplif ier .  These methods are shown schematically i n  Figure 
3-22. Figure 3-22(a) shows a s ingle  o r i f i c e  system i n  which t h e  cont ro l  
flow is metered d i r e c t l y  by the torque motor f lapper .  
t h e  maximum pressure l eve l  at t h e  control  ports .  However, the flow forces 
cause a regenerat ive ac t ion  on t h e  f lapper  and a b i s t a b l e  ac t ion  is  l i k e l y  
t o  r e s u l t .  
requi res  a control  pressure of 670 ps i .  
would then be 130 p s i  r e su l t i ng  i n  h igh  flow forces.  

This method allows 

This i s  p a r t i c u l a r l y  t rue  w i t h  the  present  amplifier, which 
The pressure drop across t h e  f lapper  

Figure 3-22(b) shows t h e  torque motor o r i f i c e s  used as bleeds f o r  
upstream f ixed  supply o r i f i c e s .  
o r i f i ce ,  t h e  flow not dumped t o  vent by the  f lapper  (or t h e  feedback 
devices) is  ava i lab le  for control .  
motor o r i f i c e s  is reversed, t h e  pressure forces  are degenerative and 
reduce t h e  gain of t h e  torque motor stage.  
t h e  system performance, t h e  torque motor configuration of  Figure 3-22(b) 
was used. 

Of t h e  t o t a l  flow through t h e  supply 

Since t h e  flow through t h e  torque 

For i n i t i a l  evaluation of  

Since t h e  pressure va r i a t ion  to t h e  input stage of  the  ampl i f ie r  
is small compared t o  the  drop across t he  torque motor supply o r i f i c e ,  
t h e  o r i f i c e  sizes can be calculated by assuming a constant supply flow 
and dividing t h i s  flow between the  torque motor vent and t h e  input s t age  
cont ro l  port .  The torque motor bleed o r i f i c e  was selected t o  allow a 
reasonable s t roke  while minimizing t h e  flow forces .  
upstream supply o r i f i c e  of  ,012 inch diameter. 

This gives an 

A study of t h e  torque motor used as t h e  c o m d  signal t ransducer  

Since 
for a pure f l u i d  amplifier indicates  requirements which are appreciably 
d i f f e r e n t  from the  requirements for operation of  a spool valve. 
t he  f lapper  is operating between two f ixed o r i f i c e s  and is  not  self- 
center ing,  8 shor t  s t roke,  high force torque motor i s  required as opposed 
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t o  t h e  low force, long s t roke  required t o  move a spool valve. 
s t roke  amplification o f  the  torque tube and long f lapper  arm a r e  
therefore  detrimental t o  the  use of t h i s  torque motor i n  a pure f l u i d  
application. Suggested modifications t o  the  input torque motor s tage  
a r e  discussed i n  more d e t a i l  i n  Section 5 ,  

The 

3.4 RATE SENSOR 

The method o f  operation of t he  rate sensor is described i n  Section 
2.2.5 and shown schematically i n  Figure 2-10. I n i t i a l  ca l ib ra t ion  of 
t h e  speed transducer i s  shown i n  Figure 3-23. This f igu re  ind ica tes  t he  
e f f e c t  of the  b i a s  leve l  and d i rec t ion  i n  s h i f t i n g  the  ca l ibra t ion .  
t he  r a t e  sensor, the b ias  i s  opposing the  d i r ec t ion  of r o t a t i o n  used f o r  
ca l ibra t ion .  The output pressure (or flow) i s  then a s t r a i g h t  l i n e  
through the  zero speed and i s  symmetrical fo r  both d i r ec t ions  of ro ta t ion .  

In 

A ca l ibra t ion  of  t h e  complete r a t e  sensor i n  conjunction with the  
amplifier-servovalve combination i s  given i n  Section 4.2.2. 

The r a t e  sensor was developed near t h e  end of t h e  cont rac t  period. 
A t  t he  time of manufacture of the  sensor, t h e  Pure Carbon Company Grade 
P-5-N bearing material ,  which i s  specif ied f o r  t h i s  appl icat ion,  was not 
avai lable .  In  order t o  obtain some performance data ,  a s u b s t i t u t e  
(Morganite) carbon was used, This carbon i s  much s o f t e r  than the  spec i f ied  
material  and the bearing l i fe ,  pa r t i cu la r ly  a t  800 p s i  supply pressure,  i s  
not sa t i s fac tory .  I t  is recommended t h a t  t he  cor rec t  carbon be used a t  t h e  
e a r l i e s t  opportunity, The r a d i a l  grooves i n  the  bearing th rus t  surface 
were found t o  be extremely helpful  i n  prolonging bearing l ife.  
sensor torque requirement becomes excessive, t he  t h r u s t  bearing should be 
reground, A l i be ra l  coating of molybdenum disulphide ( e i the r  powder o r  
grease, but preferably powder) on a l l  bearing surfaces  w i l l  appreciably 
reduce the  driving torque required.  

I f  t he  
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SECTION 4 

SYSTEM ASSEMBLY AND TEST 

4.1 ASSEMBLY PROCEDURE 

The pure f l u i d  ampl i f ie r  is manufactured i n  a stacked steel p l a t e  
construction. 
or t r a n s f e r  s l o t .  
valve is  assembled separa te ly ,  
of t h e  assembly and between t h e  amplifier and servovalve assemblies. 
The complete assembly is shown i n  t h e  photograph of  Figure 4-1. The 
order i n  which t h e  p l a t e s  are stacked is shown i n  Bendix Drawing NPX- 
102-441. 
w i l l  minimize p l a t e  leakage. 
before  assembly. 
They can be separated by soaking i n  any hydrocarbon solvent.  

Each c i r c u l a r  p la te  contains  a vortex chamber, end p l a t e  
Each s ide  of the ampl i f ie r  and each s i d e  of the servo- 

Transfer blocks are provided a t  each end 

A l i g h t  spray of "Krylon" lacquer on both s i d e s  of  each p l a t e  
The "Krylon" should be allowed t o  dry 

On disassembly, t h e  p l a t e s  w i l l  tend t o  adhere together.  

The torque motor is mounted on t h e  top  end of t h e  first t r a n s f e r  
block a t  t h e  f ron t  of t h e  amplifier sec t ion  (see Figure 4-1). 
adjustments are reached by removing t h e  first t r a n s f e r  block and ad jus t ing  
with a screwdriver. 
maximum amplifier gain. 
pounds. 

fhe gain 

Three turns from t h e  seated condition w i l l  provide 
A l l  through bolts should be torqued t o  200 inch- 

The rate sensor assembly is  shown i n  Bendix Drawing NPX-102-440. 
Before assembly, a l l  sur faces  of the  carbon bearings should be l i b e r a l l y  
coated with molybdenum disulphide,  The order  i n  which t h e  p l a t e s  of t h e  
push-pull output c i r c u i t  are stacked is shown i n  t h e  above referenced 
drawing. 
mark on t h e  edge of each p l a t e  forms a continuous l i ne .  These plates 
are lapped f la t  and do not require  any spray coating. 
should not exceed 25 inch-pounds. 

r e s u l t  i n  a r a i sed  surface or provide a channel f o r  in te r -por t  leakage. 

The o r i en ta t ion  of the  p l a t e s  is such t h a t  t h e  grooved sc r ibe  

Bolt torque 

Care should be taken with all p l a t e s  t o  avoid any scra tches  which 
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A permanent seal between p l a t e s  of both t h e  ampl i f ie r  and rate 
sensor can be obtained by silver bonding. 
surfaces ,  when p la ted  with a .0005 inch t h i c k  l aye r  of s i l v e r  and heated 
f o r  four hours under pressure i n  a lOOO'F oven, w i l l  effect a leak-t ight  
bond. 

Tests have shown t h a t  lapped 

The p l a t e s  can be separated by reheating. 

4.2 TEST PROCEDURE AND TEST RESULTS 

4.2.1 Amplifier and Servovalve 

The amplif ier ,  servovalve, and rate sensor are shown i n  
schematic assembly i n  Figure 4-2. The pressure t aps  i n  each t r a n s f e r  
block of t h e  ampl i f ie r  and servovalve are indicated as well as t h e  
var ious f ixed o r i f i c e s ,  
and t h e  load output t a p s  (pM1 and m2), a l l  pressure t aps  should be 
deadended by means of plugs, gages o r  pressure transducers.  
following pressures  can be monitored: 

Except f o r  t he  main supply p o r t s  (marked S) 

The 

The o r i f i c e  diameters f o r  t h e  ampl i f ie r  and servovalve are 
listed below i n  terms of  standard d r i l l  sizes. 

Amplifier - #80 ASM = #67 ASL = #53 

Servovalve 

The clearance on t h e  torque motor f lapper  is ,0025 inch on 
each s ide .  
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To operate the amplifier and servovalve, the connections 
marked S on both the first and second transfer plates are supplied from 
the regulated source pressure. The output load pressures (Rj1 and b2) 
are attached across the desired load. The four vent connections in the 
third transfer plate should be opened to a minimum impedance. 
pressure taps must be deadended. 
by a differential current amplifier and requires t40 milliamperes and 
t4000 millivolts. 

All other 
The torque motor input can be supplied 

For steady state calibration, a differential pressure gage 
calibrated in inches of kerosene was connected to measure PCA 

pressures were measured with two 1000 psi gages. Torque motor differential 
current was measured across the output of the current amplifier, 
transient analysis, the two input pressure differential gages were replaced 
by a single differential transducer measuring P C A ~  - €'CAI. 
pressure gages were replaced by single ended pressure transducers. 

- PSA. 
A similar gage was connected across P C A ~  - PSA. The deadende a load 

For 

The load 

The steady state calibration of the torque motor, amplifier 
and servovalve is shown in Figure 4-3. 
required to saturate the servovalve output. 
time to null the torque motor. 
torque motor stage demonstrates the unsuitability of this concept of 
electrical to pneumatic transducer. 

Approximately 15 milliamperes is 
No attempt was made at this 

The low gain and large hysteresis of the 

Two transient response tests were performed using a sinusoidal 
differential current input. In the first test, the input current amplitude 
was maintained constant. In the second test, the input current amplitude 
was increased with increasing frequency in order to maintain a constant 
amplitude pressure differential into the first stage of the amplifier. 
The Bode plot shown in Figure 4-4 was derived from these test results. 
Figure 4-4(a) shows the amplitude ratios versus frequency of the system 
with and without the torque motor stage. 
phase shift between the input and output. Examination of the frequency 
response results indicates that the amplifier and servovalve appear to 
perform as a single order lag system with transportation delay. 
frequency appears to be approximately 3 cps. The addition of the torque 
motor stage adds a second single order lag to the system which breaks at 
approximately the same frequency. 

Figure 4-4(b) is the corresponding 

The break 
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An examination of t h e  phase s h i f t  c h a r a c t e r i s t i c s  shown i n  
Figure 4-4(b) ind ica tes  t h e  importance of c lose  coupling o f  s t ages  i n  a 
prototype system. The effect  o f  t ranspor t  delay causes a rap id  increase 
i n  phase s h i f t ,  p a r t i c u l a r l y  above 10 cps. 
between t h e  torque motor and t h e  amplifier f irst  s tage  i s  a l s o  apparent. 

The effect  of t h e  d is tance  

I t  i s  f e l t  t h a t  both t h e  frequency response and phase s h i f t  
cha rac t e r i s t i c s  can be mater ia l ly  improved by rearranging t h e  ampl i f ie r  
configuration, 
i n  Section 5 .  

Other performance improvements are discussed i n  d e t a i l  

Figures 4-5(a) and 4-5(b) are sample t r ac ings  from t h e  
Sanborn recorder used t o  obtain the  frequency response da t a ,  
motor hys te res i s  i s  apparent i n  the  pressure d i f f e r e n t i a l  c h a r a c t e r i s t i c s .  
The noise  content (shown i n  Figure 4-5(a) i n  t h e  input pressure d i f f e r e n t i a l  
appears t o  be a t  a frequency above 160 cps and is not  discernable i n  t h e  
servovalve output, 
extremely small control  source o r i f i c e  (Ac1). The use o f  a much smaller 
source pressure t o  control  pressure d i f f e r e n t i a l ,  with a correspondingly 
l a rge r  o r i f i c e ,  w i l l  a i d  mater ia l ly  i n  providing a qu ie t e r  input s igna l .  

The torque 

I t  i s  believed t h a t  t h i s  noise  i s  generated by t h e  

4.2.2 Rate Sensor 

The ra te  sensor input can be added t o  t h e  torque motor input 
by connecting output pressure PR1 o f  t h e  r a t e  sensor t o  pressure t a p  
PCAl  on t h e  f i r s t  t r a n s f e r  block, 
The vent connections Pv1  and Pv2 should be connected together  and vented 
through ARS as indicated by t he  dot ted l i n e s  i n  Figure 4-2, 
t ap ,  marked PRC, is vented through a va r i ab le  valve.AR6. The purpose of 
the  center  var iable  bleed i s  t o  permit adjustment o f  t h e  rate sensor n u l l  
point .  

Similar ly ,  P R ~  i s  connected t o  P c A ~ .  

The center  

The adjustment of A R ~  is extremely s e n s i t i v e  and should not be 
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opened wider than the  equivalent of a X80 bleed. 
supplied from t h e  source pressure through t h e  po r t  marked S. The 
s i z i n g  of t h e  f ixed o r i f i c e s  i n  t h e  rate sensor i s  as follows: 

The rate sensor is 

A R ~  = X60 AB 0 #SO (not supplied) 

AR2 = #SO AR6 = var iab le  (not supplied) 

A c a l i b r a t i o n  of the  load pressure output aga ins t  speed 
input t o  t h e  rate sensor is shown i n  Figure 4-6. 
run with a source pressure of 400 psig. 
source pressure of  800 psig,  although no da ta  was taken due t o  t h e  
t h r u s t  bearing problems discussed i n  Section 3.4. The gain of t h e  unit 
appeared t o  be approximately doubled at t h e  higher pressure leve l .  The 
gain obtained would be 1.0 psi/rpm. This compares wi th  a required gain 
f r o m  t h e  computer study of .366 psi/-, or a f a c t o r  of three times the  
required gain. 
is  required f o r  t h e  appl icat ion.  Rather than attempt t o  modify the  
sensor t o  reduce gain, it is  recommended t h a t  t h e  rate sensor s igna l  be 
added a t  t h e  second s tage  of amplification by surmning with the output of 
t h e  first stage.  

This  c a l i b r a t i o n  was 
Some running was done wi th  a 

The rate sensor i s  t he re fo re  a higher  gain device than 
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SECTION 5 

CONCLUSIONS AND RECOMMEND AT IONS 

5.1 SUMMARY AND CONCLUSIONS 

The major characteristics of the amplifier and servovalve system 
are listed in Table I. 
milestone in the application of pure fluid devices to servosystem 
control. 
a high gain device operating at high pressure levels and controlling 
'large qiiarrtities of flog. 
the feasibility of employing vortex valves to control the forward and 
reverse flow requirements of a positive displacement load. 

The successful operation of the amplifier is a 

The system represents the use of pure fluid devices to obtain 

%e four-way bridge servovaive demonstrates 

The amplifier and servovalve were designed and built to obtain 
the maximum facility for interchange and replacement of parts. 
order to obtain this flexibility and the ability to monitor intermediate 
pressures, relatively long interconnections and volume capacitances were 
unavoidable. 
testing. 
necessary to eliminate all unnecessary passages. 
major improvements can be made in the frequency response by a more 
optimum arrangement of the components. 

In 

These capacitances become noticeable in dynamic response 
Once the breadboard system has been optimized, a redesign is 

It is expected that 

The maximum pressure differential available to the load is dictated 
by the total pressure drop requirements of the amplifier section. An 
examination of the supply pressure levels to the amplifier stages (see 
Figure 3-18) shows the following: 

AP Last Stage of Amplification = 104 psi 

AP Middle Stage of Amplification = 31 psi 

AP First Stage of Amplification = 5 psi 
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TABLE I 

PERFORMANCE DATA 

System Pressure Gain 
Servovalve Pressure Gain 
Amplifier Stage Pressure Gain 
System Flow Gain 

Maximum Load Pressure 
Maximum Load Pressure Di f f e ren t i a l  
Maximum Load Flow 

System Break Frequency 
Phase Angle a t  Break Frequency 
Phase Angle a t  10 cps 

Maximum Supply Flow 
Maximum Control Flow 

Rate Feedback Pressure Gain 

5-2 

1380 
3.5 
7.3 
35 4 

410 ps ig  
260 p s i  
,124 lb , /sec.  

3.0 cps 
10 degrees 
90 degrees 

,308 lb./sec.  
,00035 lb . /sec,  

1.0 psi/rpm 



A curve of number of stages of amplification versus pressure drop 
required would indicate that a fourth or more amplifier stages could be 
added without appreciably increasing the overall pressure drop in the 
amplifier. 
without penalizing the maximum available load pressure appreciably. 

Therefore, the gain of the amplifier can be increased 

In order to obtain the maximum possible load pressure and flow, the 
control pressure to the input of the first stage should be as near the 
source pressure as is practical. The present control pressure level is 
approximately 671 psi out of an available 800 psi source. 
drop immediately penalizes the performance in two ways. 

This large 

(1) The entire amplifier pressure level is lowered, resulting 
in a lower available load pressure. 

(2) The extremely small orifice from the source pressure to 
control pressure (,012 inch diameter) results in a large 
R-C network at the input which penalizes the dynamic 
performance and generates an undesirable noise level. 

Both the static and dynamic performance characteristics of the 
amplifier and servovalve can be materially improved by increasing the 
supply pressure level to the amplifier stages, 

Breadboard tests on the staging of the vortex amplifiers has 
indicated that optimum pressure gain per stage is obtained if the stage 
supply pressures are in series with the source pressure rather than in 
parallel. This method is more difficult to set up initially, but allows 
the entire system level to be controlled by varying the first stage 
supply restrictor only. 
increase to around 9 from the present 7.3. 
of 1860 psi/psi should, therefore, be obtainable without employing 
additional stages. 

By this means, pressure gain per stage should 
The overall pressure gain 
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The th i rd  valve i n  each s ide  o f  t h e  four-way bridge (valve P) was 
used, as described i n  Section 3.1, t o  ob ta in  t h e  cont ro l  s igna l  f o r  t h e  
vent valve B. 
ove ra l l  flow recovery of t h e  system. 
optimization of  the  servovalve configuration, t h i s  valve can be eliminated 
from the  system and t h e  control  pressure obtained from the  Po t a p  o f  valve 
F. 

The vented flow from valve P mater ia l ly  reduces t h e  
I t  is f e l t  t h a t  with fu r the r  

Since t h e  output flow from a vortex valve cannot be reduced t o  zero, 
t he re  e x i s t s  a minimum control  flow i n t o  a second s tage ,  
flow causes a p a r t i a l  turndown of t h e  second (and consecutive) s tage  
r e su l t i ng  in  an increase i n  t h e  required s tage  pressure drop. 
down can be minimized by applying a b i a s  flow t o  t h e  valve equal t o  and 
canceling the e f f e c t  of t h e  minimum control  flow. 
obtained by bringing t h e  supply flow i n t o  t h e  chamber through a s lan ted  
po r t ,  Such a modification would reduce t h e  required ampl i f ie r  pressure 
drop and provide more pressure d i f f e r e n t i a l  a t  t h e  load. 

This minimum 

This tu rn-  

The same effect  can be 

The torque motor from t h e  present  ac tua tor  system was used as t h e  
electrical  t o  pneumatic input s ignal  transducer.  The experimental 
r e s u l t s  o f  t h i s  torque motor as employed i n  a pure f l u i d  ampl i f ie r  
ind ica te  the  need f o r  a redesign t o  make t h e  transducer more compatible 
with t h e  amplifier requirements. 
ro t a ry  type  transducer with t h e  f lapper  a t tached r i g i d l y  t o  t h e  armature. 
The s t roke  amplification obtained by a torque tube arrangement is both 
undesirable and detrimental  t o  the  overall performance of a pure f l u i d  
system, 

Consideration should be given t o  a 

I n  t h i s  appl icat ion,  a "dry co i l "  torque motor i s  not required.  

Although mechanical bearing problems prohibi ted extensive t e s t i n g  
of the  rate sensor, t h e  minimum gain obtained from the device exceeded 
t h e  requirements as determined by t h e  analog computer simulation. The 
gain can be fur ther  increased by reducing t h e  back pressure on t h e  speed 
transducer.  
o r i f i c e  ASR, by reducing the  diameter of  t h e  button, o r  by reducing 
button speed by addi t ion o f  a gear t r a i n  a t  t h e  transducer input.  I t  
i s  fe l t  t h a t  it would be more des i rab le  t o  sum t h e  rate s ignal  i n  t h e  
second s tage  of amplif icat ion than t o  attempt a gain reduction. 

The gain can be reduced by reducing t h e  s ize  of t h e  supply 
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5.2  RECOMMENDATIONS FOR FUTURE WORK 

In order t o  obta in  t h e  ultimate objec t ive  of  t h e  program which 
is  t o  incorporate t h e  pure f l u i d  amplifier and compensation i n  a 
complete electropnewnatic actuator system, it i s  recommended t h a t  
fu r the r  development be considered i n  th ree  phases. 

Phase I - The Iresent amplifier system should be optimized. 
This can be done with a minimum amount o f  hardware fabr ica t ion .  
discussed above, optimization should include: 

As 

(a) Increasing t h e  supply pressure levels t o  t h e  ampl i f ie r  stages.  

(b) Use series t aps  t o  provide t h e  s tage  supply pressures. 

( c )  Bias the amplifier s tages  by modifying t h e  supply por t  
configuration. 

(d) Optimize o r  eliminate valve P. 

(e) Incorporate t h e  pos i t i ve  load feedback. 

(f) Evaluate t h e  effect of posit ion feedback. 

Phase I1 - When t h e  optimum s i z i n g  of t h e  system has been obtained, 
a redesign and rebuild of t h e  amplifier and servovalve should be performed 
t o  obta in  t h e  minimum package s i z e  and minimum length of t h e  in t e r s t age  
connections. 
fabr ica ted  and tes ted .  

- 
A d i f f e r e n t  concept i n  torque motor should be designed, 

Phase I11 - When t h e  dynamic performance of  t h e  packaged u n i t  
is  known, computer simulation of t h e  e n t i r e  system i s  recommended. The 
pure f l u i d  components can then be incorporated with an electropneumatic 
ac tua to r  and t h e  e n t i r e  system evaluated i n  t h e  a c t u a l  operating 
environment. 
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An analog computer study was conducted t o  gain some ins ight  as t o  
t h e  most simple and yet adequate means of compensating t h e  J-2 ac tua tor  
when used i n  conjunction with f l u i d  in te rac t ion  devices as t h e  vehicle  
for pressure amplification. 

The present electropneumrtic Model NV-B1 control  system t r ans i en t  
response was simulated f o r  correlat ion purposes. The cor re la t ion  was not 
as close as was desired,  and was due pr imari ly  t o  t h e  lack of  i n fomat ion  
on t h e  load f i x t u r e  dynamic configuration. 
appeared t o  resonate at approximately 4 cps which would correspond t o  a 
s t r u c t u r a l  spring rate of 73,600 lbs./in. for  an i n e r t i a  of 1400 slugs.  
Camputer information was obtained using t h i s  data and compared t o  t h e  
actuai data. The i n i t i a i  rise of the t r ans i en t  had a double slope i n  
each case, t h e  damped o s c i l l a t i o n  frequency was approximately the  same i n  
each case, and t h e  s e t t l i n g  t imes were comparable. 
was not as severe on the  computer t races  as i n  t h e  actual case. 

The ac tua l  load f i x t u r e  

The first undershoot 

Shown i n  Figure 1 is t h e  computer block diagram. The block diagram 
configuration, exclusive of Figures la through If, was ccwplllon t o  a l l  
systems evaluated. During t h e  i n i t i a l  cor re la t ion  study the  s t r u c t u r a l  
spring rate K3 was set a t  73,600 lbs./in., and f r o m  then on, it was lef t  
at 391,000 Ibo./in. The motor pressure speed cha rac t e r i s t i c  Kp and t h e  
motor canpress ib i l i ty  t h e  constant f3  were chmged t o  t h e  values noted 
according t o  whether nitrogen or hydrogen gas was used as t h e  servo medium. 
A l l  systems were evaluated for r load f r i c t i o n  force  of 7,300 and 1,460 
pounds . 

Experimental evidence has shown t h a t  t h e  motor f r i c t i o n  torque was 
high a t  low motor speeds, and was reduced considerably when t h e  motor 
vanes were i n  a state of agi ta t ion.  
i n  simulating t h i s  condition, t he  motor f r i c t i o n  torque was reduced t o  
zero f o r  t r ans i en t  response tests and over the  frequency range of 2 t o  
10 cps fo r  t h e  frequency response t e s t s .  
t h e  f r i c t i o n  torque was set a t  40 i n .  lbr. 

Because of t h e  c m p l e x i t y  involved 

A t  frequencior o f  0.5 and 1 cps 

Shown in Figurer l a  through I f  are t h e  ac tua tor  configurations 
and t h e i r  corresponding coefficients upstream of t h e  pneumatic vane 
motor f o r  each of the  systems evaluated. 
la  is the  present electropneumatic control system. 

System Number 0 shown i n  Figure 
The t r ans i en t  response 



cor re l a t ion  d a t a  is  shown i n  Figure 2 and t h e  transient response of t h e  
same system with a s t r u c t u r a l  spring rate of 391,000 lbs./in. and with 
nitrogen and hydrogen gas f o r  t h e  servo medium i s  shown i n  Figures 3 and 
4 respectively.  

The criteria f o r  es tab l i sh ing  t h e  performance of t h e  ove ra l l  
cont ro l  system f o r  each of t h e  systems shown i n  Figures l b  through If 
was based on maintaining a s ta t ic  resolution equal t o  o r  s l i g h t l y  better 
than tha t  of t h e  present ac tua tor  shown i n  Figure l a ,  maintaining t h e  
ove ra l l  system s t a b i l i t y  f o r  a 5:l var ia t ion  i n  load f r i c t i o n ,  and limit- 
ing t h e  attenuation a t  8 cps t o  no more than 3 db. 

The inpiit t o  each e€ t h e  systems uas eurmmt t o  a pwiuient magnet 
torque motor, whose output displacement was l imited t o  r0.014 inch f o r  an 
input current of r40 milliamperes which corresponds t o  t2.91 inches d i s -  
placement of t h e  ac tua to r  output shaft. For convenience, the  ac tua tor  
feedback displacement was mixed at the  torque motor input. 

Because t h i s  is  a preliminary study and t h e  dynamics and possible 
configuration of t h e  f l u i d  in te rac t ing  device was not kmm, t h e  transfer 
function of t h e  device was assumed t o  cons i s t  of gain only. 

The t r ans i en t  response of  each of t h e  systems for load f r i c t i o n  
fo rces  of 7,300 and 1,460 pounds are shown i n  Figures 5 through 10 and 
t h e  corresponding frequency responses are shown i n  Figures 12 through 16. 

The t r ans i en t  response of each of  t h e  systems is well within 
reason, and t h e  corresponding frequency responses are similar t o  each 
o the r  and are not as f l a t  a s  one would like t o  see. 
r a t i o s  occur between 5 and 7 cps, and vary i n  magnitude frtnn 4 t o  6 db 
r e l a t i v e  t o  t h a t  a t  0.5 cps. Since a l l  of the  systems have t h i s  character- 
istic, it appears t h a t  each system may have t o  have addi t iona l  compensation 
t o  reduce t h e  ac tua to r  s t i f f n e s s  i n  t h i s  frequency range. 
at 1 cps is i n  t h e  order of 22 t o  31 degrees f o r  a l l  systems. 

The peak amplitude 

The phase s h i f t  

Since the re  is no pa r t i cu la r  system with outstanding perforaurce 
cha rac t e r i s t i c s ,  t h e  system t o  consider would have t o  be t h e  one with t h e  
least complexity and t h e  smallest package s i t e  as related t o  developsent 
t h e  available. 
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The generation of a s i zab le  ve loc i ty  signal is  considered f e a s i b l e  
within t h e  development time available,  and because l a rge  lags  genera l ly  
r equ i r e  considerable volume. 
but t h e  high forward gain required and t h e  p o s s i b i l i t y  t h a t  addi t iona l  
a t t enua t ion  of t h e  ac tua tor  s t i f fnes s  beyond 2 o r  3 cps may be necessary 
makes System 4 shown i n  Figure le t h e  most desirable. 

System 3 shown i n  Figure l d  appears promising, 

The coe f f i c i en t s  corresponding t o  operation with hydrogen gas as 
t h e  servo medium were set and t h e  t rans ien t  and frequency responses of 
System 4 were taken and are shown i n  Figure 9 and 16 respectively.  

An additional spring rate of 700,000 lbs./ in.  corresponding t o  
t h e  spring rate of  t h e  snubber was added t o  t h e  block diagram and the 
operation of t h e  ac tua tor  was checked for s t eps  in to  and away from t h e  
snubber as shown i n  Figure 11. 
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DYNMIC ANALYSIS OF VORTEX VALVES 

1.0 PURPOSE OF INVESTIGATION 

To develop a mathematical model of a vortex valve which w i l l  p red ic t  
reasonably accurate r e s u l t s  for  both s teady state and t r ans i en t  response 
f o r  s t e p  inputs  of control  pressure. 

2.0 SUMMARY OF RESULTS 

2.1 The steady state m a s s  f low r a t e  da t a  from t h e  computer checked 
very close with steady s t a t e  t e s t  data. 
+1.6%, and -4.5% a t  control  t o  supply pressure differences of 0, 2, and 
4 ps ia ,  respectively.  
range of t he  vortex valve. (See Figure 11.) 

The deviat ions were +13.0%, 

This range covers t he  majority of the  working 

2.2 The dynamic r e s u l t s  of the computer da ta  and ac tua l  test d a t a  
canpared within t h e  range of in te rpre ta t ion  of the  d a t a  and the a b i l i t y  
of the test equipment t o  produce a s t e p  change i n  cont ro l  pressure. 
Figure 11.) 

(See 

2.3 The t r ans i en t  charac te r i s t ics  of t h e  vortex valve can be c lose ly  
reproduced by a simple time delay and first-order lag fo r  l inear ized  s tud ie s  
about steady s t a t e  points .  The magnitude of the  time delay and t h e  first- 
order  lag vary with valve configuration, pressure and flow l eve l s ,  and t h e  
operating l i m i t  of  t h e  vortex valve, 

3.0 VORTEX VALVE ANALYSIS 

A search was made f o r  a mathematical model t h a t  would y i e ld  reasonably 
accurate t r ans i en t  and s teady s t a t e  response t o  changes i n  control  pressure.  

Previous work on steady state models has shown t h a t  an inviscous flow 
assumption gives poor co r re l a t ion  with test da ta  i n  t h e  pressure spectrum 
of  high tangent ia l  v e l o c i t i e s  (Mach .5 t o  Mach l . O ) ,  while an assumption of 
constant r ad ia l  ve loc i ty  p r o f i l e  has good cor re la t ion  i n  the  region of high 
tangent ia l  v e l o c i t i e s  but has poor cor re la t ion  i n  the  region of low tangent ia l  
v e l o c i t i e s  (Mach 0 t o  Mach .2) ,  
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This model was se lec ted  as a compromise between these  two assumptions, 
by using an a r b i t r a r y  energy loss  fac tor  which has an increasing e f f e c t  as 
the  tangent ia l  ve loc i ty  approaches sonic veloci ty .  

A c loser  examination of t h e  model as well  as preliminary test  da ta  
ind ica tes  a r a the r  shallow slope of t h e  r a d i a l  pressure gradients  within 
t h e  vortex valve except i n  t h e  v i c i n i t y  of t he  e x i t  port. This shallow 
slope ind ica tes  t h a t  t he  effects of compressability of t h e  f l u i d  may be 
neglected f o r  a f i r s t -o rde r  approximation. For t h i s  reason, at  t r ans i en t  
it is  assumed t h a t  t he re  i s  a weight flow balance of mass flow leaving 
the  vortex valve with the  mass flow enter ing the  vortex valve, although 
compressability i s  considered when calculat ing r a d i a l  and tangent ia l  
ve loc i ty  prof i les .  

The r a d i a l  mass flow rate a t  any time is control led by t h e  pressure 
drop across t h e  ex i t  of t h e  valve with an average upstream pressure equal 
t o  t he  pressure (Pe) calculated a t  t h e  outer  radius  of t h e  e x i t  por t .  

The supply flow enters  through an area l a rge  enough so t h a t  t h e  
pressure at the  outer  parameter o f t h e  vortex valve is  equal t o  t h e  supply 
pressure and independent of any changes i n  mass flow through t h e  valve. 

To simplify calculat ions,  t h e  assumption is made t h a t  t h e  compression 
and expansion of the  f l u i d  w i t h i n  the vortex valve is isothermal. 

With t h e  preceding assumptions i n  mind, t h e  following equations may 
be derived: 

6P  
6 r  
- a  

We 

PV2 - 
rgRT 

JRT 
Pa p. 2 .528 

c 1) 

(3)  
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Wc = 2 6 . 8 8 k  4- 

-- 

d p i  

vc 13.44 

Vs = 13.44 

The preceding equations were incorporated i n t o  a d i g i t a l  computer 
program designed t o  give a high degree of  accuracy with a minimum amount 
of computer time. 

A block diagram of the  computer program is shown on Figure 111. A 
sketch of a typical vortex valve is shown on Figure I. 

The preceding equations may be solved for a steady state so lu t ion  i n  
t h e  form of: 

B-3 



I t  should be noted t h a t  t h e  steady s ta te  so lu t ion  of the  pressure 
tu rn  down r a t i o  of t he  valve depends only on the  Mach number of t h e  outer  
perimeter, and the  rad ius  ra t io  of t h e  valve. 
steady state performance o f  t h e  vortex valve w i l l  be unaffected by t h e  
type of g a s  used, and the  temperature of the  gas .  

This suggests t h a t  t h e  

The time delay may be approximated by the  equation: 

t d  = dead time - seconds 

Do = outer  diameter - inch 

De = e x i t  core diameter - inch 

R - gas constant - in.lb./lb. O F  

1/2 ra t io  of specif ic  hea ts  - (in./sec.2) 
13.44 = flow constant based on 

N = t u rn  down ratio of  valve 

N = We/We’ 

We = e x i t  weight flow a t  test point 

We1 - e x i t  weight f low with no control pressure 

4.0 COMPUTATION PROCEDURE 

The Univac 1107 computer located at Notre Dame was used for running 
t h i s  computer program. 
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The physical dimensions of the vortex valve, and the  cha rac t e r i s t i c s  
of t h e  gas were included as  input da ta  t o  t h e  program. 
time increments of  ,0002 second with ins t ruc t ion  t o  change input pressure 
conditions a f t e r  ,0300 second of time had elapsed. 
terminated when no addi t ional  input ins t ruc t ions  were avai lable ,  

The program used 

The program was 

The so lu t ion  time on t h e  computer is approximately 20 seconds pe r  
increment of control  pressure. 
,0300 second and includes a t o t a l  of 150 sub-increments of t i m e ,  

This increment covers a problem t i m e  of 

The very shor t  running t i m e  on t h e  computer makes t h i s  program a 
very economical method of optimizing vortex valve designs without going 
through an elaborate  hardware test  program, 
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